Antibody-based epidemiologic surveillance to determine population-level exposure to sexually transmitted infections could help inform public health fertility preservation strategies. We compared the performance of three platforms to detect antibodies against the Chlamydia trachomatis (CT) antigen Pgp3 -multiplex bead array (MBA), enzyme-linked immunosorbent assay (ELISA), and lateral flow assay (LFA) -on sera from adolescents and young adults (AYAs) with pelvic inflammatory disease (PID). Ninety-five of 118 AYAs diagnosed with PID (80.5%) had positive antibody response to Pgp3 antigen by at least one test, and 78 (66.1%) tested positive by all three tests. Among 27 individuals with infection detected using nucleic acid amplification testing, 92.6% were positive by MBA (25/27), 77.8% (21/27) were positive by ELISA, and 74.1% (20/27) were positive by LFA. These data suggest that the MBA was the most sensitive of the three tests and could be useful in seroepidemiologic studies designed to assess population-level exposure to CT.
Introduction
Interest in the use of antibody testing for surveillance of both urogenital and ocular Chlamydia infection has increased in recent years. Long-lived antibody responses provide a measure of cumulative infection and thereby can inform estimates of exposure in a population. [1] [2] [3] [4] [5] [6] [7] The Pgp3 antigen has been studied extensively as an immunodominant antigen that, as a plasmid-encoded protein, 8 is unique to Chlamydia trachomatis (CT) and has been a major focus of surveillance studies for both urogenital and ocular infection. Studies evaluating the use of serologic surveillance for population-level exposure to urogenital infection have used ELISA testing almost exclusively, 2, 4, 7, 9 while studies evaluating the use of serosurveillance for trachoma have used both multiplex bead array (MBA) and enzyme-linked immunosorbent assay (ELISA). 6, [10] [11] [12] [13] Recently, a lateral flow-based rapid test (lateral flow assay [LFA] ) to detect antibodies against Pgp3 was developed for use in trachoma-endemic areas. 14 Studies using sera from trachoma-endemic communities have demonstrated good concordance between the MBA, ELISA, and LFA tests and high sensitivity (>90%) and specificity (>95%) for all tests evaluated. 15 Pelvic inflammatory disease (PID) is a common reproductive health disorder commonly caused by CT that if left untreated results in significant adverse reproductive health outcomes including tubal infertility, ectopic pregnancy, and chronic pelvic pain. [16] [17] [18] Despite the documented health impacts on women, both routine STI screening among adolescent and young adult (AYA) women to prevent PID 19 and treatment of PID in clinical settings 20, 21 are subpar. Further, PID is not a reportable condition, so it is difficult to assess the burden of disease at the population level using public health databases and/or link PID diagnoses to historical or current CT infections to inform the design and evaluation of effective public health strategies. Seroprevalence data may be useful to measure the impact of STI prevention programs on reproductive health outcomes in AYA women with symptomatic disease and/or asymptomatic women with unexplained morbidity that may be due to CT infection. We compared the performance of MBA, ELISA, and LFA tests for antibodies against Pgp3 among AYA women with mild-moderate PID.
Methods

Ethics statement
The Johns Hopkins Medicine Institutional Review Board approved the study (trial registration number: NCT01640379). CDC investigators were determined to be nonengaged in the study and did not have access to patient identifying information.
Patient recruitment and screening
The TECH-N Study is a large randomized controlled clinical trial of a text messaging and community health nursing intervention to improve short-term adherence and longitudinal health outcomes for AYA women diagnosed with mild-moderate acute PID that was conducted between 2012 and 2017. The design and preliminary outcomes of this study have been published previously. [22] [23] [24] Briefly, trained research assistants recruited patients aged 13-25 years with mild-moderate acute PID from outpatient clinics and emergency departments (adult and pediatric) within a large urban academic medical center in Baltimore, Maryland (United States) at the time of PID diagnosis. PID diagnoses were based on the Centers for Disease Control and Prevention guidance for clinical diagnosis (https:// www.cdc.gov/std/tg2015/pid.htm).
Enrolled participants completed an audio computerized assisted self-interview (ACASI) to collect baseline demographic and sexual and reproductive health information, such as prior STI/PID history. Participants were randomized to either the intervention or control group using a permutated block design. 25 Participants provided vaginal specimens for STI testing (including CT) as well as blood samples.
Laboratory testing
Nucleic acid amplification test (NAAT). Vaginal swabs were self-collected 3 utilizing the APTIMA Vaginal Swab Specimen Collection Kit (Hologic Inc., San Diego, CA) and delivered to the Johns Hopkins University International STD (JHU STD) Laboratory for testing.
All vaginal swab samples were tested for CT and Neisseria gonorrhoeae using the APTIMA Combo 2 Assay (Hologic Inc., San Diego, CA) according to manufacturer's instructions. Vaginal swab specimens were also tested for Trichomonas vaginalis (TV) and Mycoplasma genitalium (MG); however, only CT data are presented in this publication. Vaginal swab samples were tested for TV using the APTIMA Trichomonas vaginalis Assay (Hologic Inc., San Diego, CA) and MG testing was performed using an analyte-specific reagent assay (Hologic Inc., San Diego, CA).
Blood sample processing. Blood was received at JHU STD Laboratory in a 3-ml serum separator tube. Blood was processed at 1300 RCF for 10 min to separate the serum; serum was separated and stored at À80 C until processing. Serum was tested for antibodies against the CT antigen Pgp3 only. Antibody testing for the other three pathogens (GC, TV, and MG) was not performed in this study.
MBA. Antigen selection, purification, and coupling to beads have been previously described. 3 Briefly, sera (2.5 ml) were diluted 1:400 into 1 ml of sample buffer containing 3 mg/ml of Escherichia coli extract and then incubated with Luminex V R SeroMAP TM microspheres (Luminex Corp., Austin, TX) coupled to Pgp3 antigen. Beads were washed using a solution of 1Â phosphatebuffered saline (PBS) and 0.05% Tween-20 wash buffer (PBST1) and then incubated with 50 ng mouse antihuman IgG (Southern Biotech, Birmingham, AL) and 40 ng mouse anti-human IgG4 (Life Technologies Corp., Carlsbad, CA) biotinylated detection antibodies; unbound antibody was removed by washing with PBST1. Bound antibody was detected using streptavidin conjugated to R-phycoerythrin (SAPE) (Life Technologies Corp., Carlsbad, CA). The fluorescent signal emitted by bound SAPE was read using a BioRad Luminex 100 instrument and reported as median fluorescence intensity (MFI). Data were analyzed by the BioPlex Manager 6.0 software (BioRad Laboratories Inc., Richmond, CA). Data are reported as MFI with background from the blank well subtracted out (MFI-BG). The cutoff value for positivity was determined to be 869 MFI using a receiver operator characteristic (ROC) analysis with a panel of previously classified positive and negative sera as controls. Samples were run in duplicate with blank, positive, and negative controls on each plate.
ELISA. Plates were sensitized with 50 ml of Pgp3 antigen (500 ng/ml in 0.1 M NaHCO 3 , pH 9.6) overnight at 4 C. Antigen was decanted, plates washed 2Â with PBS with 0.3% Tween-20 (Sigma Aldrich, St Louis, MO, PBST2), and 50 ml of serum samples diluted 1:50 in 250 ml PBST2 in 5% milk buffer solution was added to wells in duplicate. Positive and negative control samples were added to each plate. After shaking at room temperature (RT) for 2 h, samples were decanted and plate washed 4Â with PBST2. Fifty microliters of anti-human IgG-horseradish peroxidase conjugate (1:10,000 dilution in PBST, Southern Biotech, Birmingham AL) were added to each well. After shaking at RT for 1 h, antibody was decanted, plates washed 4Â with PBST, and 50 ml 3,3,5,5-tetramethlybenzidine was added to each well for 6 min. The reaction was stopped with 50 ml of H 2 SO 4 and the optical density (OD) was read at 450 nm using a SpectraMax M5 Microplate Reader (Molecular Devices, LLC, Sunnyvale, CA). All data were normalized to the 200 unit (U) control at which point an OD of >0.582 was considered positive for antibodies to Pgp3 based on ROC analysis of a panel of previously classified positive and negative sera.
Pgp3 LFA. The LFA was run as previously described. 14 Ten microliters of serum were added to the sample port of the Pgp3 LFA cassette, followed by 200 ml of chase buffer (PBST2). Samples were recorded as positive, negative, or invalid (if a control line was not present or the test line was noncontinuous) after 30 min. No tests were invalid in this study.
Statistical analysis
The percent antibody positive by each test was determined both as a proportion of the overall number of participants with PID and of those with a positive NAAT result. Cohen's Kappa statistic was used to estimate the agreement between antibody positivity and a self-reported history of CT infection, and between antibody positivity and a self-reported history of CT infection or positive NAAT results at study entry. Cohen's Kappa ranges from À1 to 1, where an estimate less than 0.2 indicates slight agreement, and between 0.2 and 0.4 fair, 0.4-0.6 moderate, and greater than 0.6 strong agreement. 26 We compared the intensity of the antibody response (MFI-BG) among specimens that were positive for antibodies against Pgp3 using MBA, ELISA, and LFA stratified by the number of positive assays using Wilcoxon signed-rank test (GraphPad Prism).
Results
Demographic characteristics of study participants
As reported elsewhere, 24 women enrolled in this study (N ¼ 118) were between the ages of 14 and 25, with an average age of 18.8 years. Most were African-American (105/118, 88.9%). Of those reporting a prior STI history (67/115, 58.2%), 48 (71.6%) specifically reported a history of CT infection.
Anti-Pgp3 antibody responses in all AYAs
Of 118 AYAs enrolled, 95 (80.5%) had an antibody response by MBA. Seventy-eight (66.1%) were positive by all three tests, 2 (1.7%) were positive by only MBA and ELISA, and 15 (12.7%) were only positive by MBA (Table 1, left) .
Anti-Pgp3 antibody responses in NAAT-positive AYAs
NAAT data were available for 112 women, of whom 27 (24.1%) were NAAT-positive for CT. Of the 27 NAAT-positive individuals, 25 (92.6%) tested positive for anti-Pgp3 antibody by MBA, 21 (77.8%) were positive by ELISA, and 20 (74.1%) were positive by LFA ( Table 1) .
The intensity of the antibody response for the MBA (Figure 1, left panel) and ELISA (Figure 1, right panel) is shown. The MFI-BG for specimens with only one antibody positive test (i.e. MBAþELISAÀLFAÀ) was lower than those specimens positive by all three tests (Figure 1, left panel) . An insufficient number of specimens were positive by only two tests (MBAþ/ ELISAþ/LFAÀ) to do further statistical analysis. 
Discussion
This is the first report of using bead-based assays or LFAs to test for antibodies against the CT antigen Pgp3. In this study, approximately 80% of AYA women with PID of mild-moderate severity and 92% of those with positive NAAT for CT tested positive for antibody responses to the Pgp3 antigen using MBA, while a lower proportion tested positive using either Pgp3 ELISA or Pgp3 LFA. There is increased interest in seroepidemiology for evaluating community-or population-level exposure to CT infection for both urogenital infection and trachoma. These data point to the use of bead-based assays as superior to ELISA or LFA testing for surveillance of urogenital infection, whereas the three platforms perform similarly in trachomaendemic settings. 15, 27 Using NAAT positivity as a gold standard as done previously for urogenital infection, 7,9 the sensitivity of the MBA was 92.6% compared to 77.8% for ELISA and 74.1% for the LFA. The ELISA sensitivity in this study aligns well with that seen from other studies in which Pgp3 ELISA sensitivities of 73.8% 7 and 82.9% 9 were observed. In these previous studies the sensitivities of the Pgp3 ELISA were much lower for specimens obtained from men; it may be worth exploring if use of the Pgp3 MBA would facilitate increased detection of Pgp3-specific antibody responses in men.
Testing samples from trachoma-endemic communities on the MBA, ELISA, and LFA yields generally high sensitivity and specificity (>90%) against gold standard tests and by latent class analysis. 15, 27 The differences in the sensitivities of the different assays depending on the route of entry of urogenital infection -urogenital or ocular -suggest possible immunological differences between the intensity of antibody responses to ocular and urogenital CT infection, revealed by the lower sensitivity of the Pgp3 ELISA and LFA as well as the lower agreement between the MBA, ELISA, and LFA with samples from urogenital compared to ocular infection.
14 Repeated ocular infection with CT in trachoma-endemic areas may result in higher antibody levels within an individual that are more readily detected in ELISA and LFA tests. This is supported by the data shown in Figure 1 , in which individuals testing positive only with the MBA have statistically lower MFI-BG levels than individuals testing positive by all three tests.
There are several limitations to this study. First, there is a relatively small sample size of women with NAAT-confirmed infection to draw strong conclusions about the differences in sensitivities of the assays. A larger sample size would also have allowed us to determine if sociodemographic data affects antibody testing. Inclusion of men in future studies will be valuable to determine if the ability of the MBA to pick up low-titer antibody responses will improve detection of responses in males. Future studies utilizing these serological testing methods on other populations may provide useful and additional information in regards to CT antibody responses. Additional populations could include men and women who are asymptomatic that test positive for CT infection as well as males who have epididymitis. Another potential population would be men who have sex with men; however, these methods may not differentiate between those with rectal lymphogranuloma venereum infections and those with genital infections. Data gathered from testing additional populations could provide information on how best to use CT antibody serology testing as a surveillance tool. Seroepidemiology for CT exposure would be valuable considering our data suggest that a high proportion of urban AYA women diagnosed with PID have prior exposures to CT infection beyond those reported on ACASI. One-third of the young women with mild-moderate PID in this study had no self-reported previous STI and no current CT infection, but had a positive Pgp3 antibody response. This could be due to selfclearance of a previous asymptomatic infection 28 or under self-reporting of a prior infection. Others have shown that only about half of AYA PID patients typically report a history of prior STI diagnoses at the time of PID diagnosis. 24, 29 Our data suggest that a substantial proportion of study participants with PID may have had a prior CT infection that either went undiagnosed or was not self-reported. Since PID is not a nationally reportable condition in most jurisdictions (whereas CT infection is reportable), additional population surveillance to assess what fraction of impaired fecundity can be attributed to prior CT infection in both individual clinical outcomes and overall population health may be of particular interest. Furthermore, the data presented here suggest that surveillance for CT would be best accomplished using bead-based MBA, which provides enhanced sensitivity compared to the standardly-used ELISA or the recently-developed LFA.
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